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Summary 

The theory and operating characteristics of 
a new semiconductor tetrode is discussed in this 
paper. This semiconductor junction device has 
the usual geometry of the planar transistor but 
with an additional metal electrode placed on the 
oxide which covers the surface of the emitter- 
base junction. This electrode serves as a grid. 
The grid-base voltage controls the surface 
potential, surface recombination rate and the 
size of the surface channel, and thereby the 
current gain of the transistor. In the common 
emitter connection, the grid serves as a second 
input in addition to the base input. Input impe- 
dance of the grid is typically in the range of 1 to 
100 pf and 10^5 ohms. The transconductance, 
dIce/dVge> of several thousand micromhos has 
been achieved which is essentially limited in 
frequency response by the hf e cutoff due to tran- 
sit time in the transistor. 

Introduction 

It is well known that surface plays a very 
important part in controlling the electrical char- 
acteristics of transistors and diodes. It has 
been demonstrated recently that surface protec- 
tion by thermal oxidation of silicon transistor 
(the planar transistor) greatly improves the low 
current characteristics such as the leakage cur- 
rent and the current gain factor, hp^. 1 In addi- 
tion, oxide surface protection has provided 
orders of magnitude improvement in the stability 
and reliability in the overall performance of 
transistors and diodes. 

The advancement of the planar technology in 
the semiconductor art has not only improved the 
understanding of the electrical characteristics 
of transistors and diodes through controlled and 
designed experiments, but has also made it pos- 
sible to design and fabricate more sophisticated 
active and passive semiconductor components. 
For example, the planar technique has made it 
possible to fabricate the micrologic element or 
integrated circuit which consists of transistors, 
diodes, resistors and capacitors all built on the 
same block of silicon by solid state diffusion 
techniques. In this paper, one of a new family 
of semiconductor devices will be described 
which features an almost open circuit input 
impedance. 


This family of semiconductor junction 
devices consists of modified versions of the 
usual diode, triode and pnpn or multijunction 
switches. In addition to the usual electrodes, 
these devices have one or more metal electrodes 
placed on top of the oxides vhich cover the sur- 
face of the junction transition regions. These 
metal electrodes, or the grids, control the sur- 
face potential, the recombination rate, and the 
size of the surface channel. For example, in 
the one junction version, the grid voltage may 
modulate the cur rent- voltage characteristics 
of the junction through the creation or elimina- 
tion and control of the size of the channels which 
are connected to the transition region of the 
junction. The reverse (i. e. p- side negative- 
biased with respect to the n-side) characteris- 
tics are quite similar to the field effect transis- 
tor. However, there is a major difference: in 
the surface-potential controlled devices, minor- 
ity carrier recombination and generation in the 
channel provides a considerable amount of 
junction current while in the field effect transis- 
tors, the modulation by the field electrode is 
obtained through the control of the channel con- 
ductance of the majority carrier. 2 in this paper, 
we shall discuss the electrical performance and 
physical theory of the tetrode which has two 
junctions or three layers with one field electrode. 

Electrical Characteristics 

A cross-sectional view of the tetrode is 
shown in Fig. 1. Both the emitter-base and the 
collector-base junctions are oxide protected. A 
grid electrode is placed on the oxide of the 
emitter-base junction surface. 

h FE ~ 1 CE 

The d. c. beta or hFE is measured as a 
function of collector current in the common 
emitter configuration with the grid voltage as a 
parameter. The experimental data are plotted 
for the high voltage version of the npn and pnp 
units in Fig. 2 and 3. The leakage current, 

ICEO* is less than 0. 5mua for both units. The 
characteristics are very similar and show con- 
siderable reduction of current gain at low cur- 
rent and large grid voltage. The slope of the 


curves asymtotically approach 0.5 at large grid 
voltage and low currents, i. e. h EE = (Ic/Ib) 

Jl£, indicating that the base current varies 
approximately as JTq* It has been observed 
that the collector current varies as exp* 
(qV EB /kT) over almost ten decades of collector 
current, thus the base current varies as exp 
(qV EB /2kT). 

I CE - V GE , (Transconductance) 


The transfer characteristics are also ob- 
tained in the grounded emitter configuration 
and are shown in Fig. 4, 5 and 6. The tetrode, 
1NP2 of Fig. 4 is a low grid voltage NPN device 
which has thinner oxide and lower surface con- 
centration in the base region than the NPN tet- 
rode, 1W1-3 shown in Fig. 5. 

For the low voltage tetrode, 1NP2, shown 
in Fig. 4, the maximum h EE for a given base 
current is obtained at a negative grid voltage 
of approximately -8 volts at low currents and 
the optimum grid voltage decreases to -12 volts 
at high current. The peak hp E g rid voltage 
varies in a similar way for the high grid voltage 
device 1W1-3 shown in Fig. 5. 

Maximum transconductance, g m = dIc E / 
dVQ E at a given base current, is obtained at 
positive grid voltage as indicated in Figs. 4 and 
5. The trans conductance also increases with 
base or collector current, and is nearly propor- 
tional to the base current or the square root of 
the collector current at low currents. At large 
base current, unit 1NP2 in Fig. 4 shows a g m 
of 7000 micromhos at Iq E = 50 ma and gate 
voltage of 5v. The sign of the transconductance 
is negative in the positive grid voltage region. 
However, at large negative grid voltage, a 
positive transconductance is obtained. The mag- 
nitude of the negative grid voltage for large pos- 
itive g m approaches the destructive dielectric 
breakdown condition in the oxide. 

An entirely similar behavior with the same 
sign for the grid voltage is observed for the 
transfer characteristics of pnp tetrodes, shown 
in Fig. 6. Thus, a positive g m is obtained for 
the pnp devices with a positive grid voltage 
which is safely below the dielectric breakdown 
limit. It is believed that surface channel forma- 
tion may account for the observed behavior of 
both the npn and the pnp devices. In the npn 
tetrode, the maximum g m region of positive 
grid voltage corresponds to an increase in size 
of the channel formed on the surface of the p- 
type base under the grid metal electrode, while 
for the pnp tetrode, the channel is also formed 
in the p-type region but in the emitter. A more 
detailed discussion of the physical* theory will 
be given in a subsequent section. 


g - frequency 


The frequency response of the transconduc- 
tance appears to be limited by the usual minority 
carrier transit time in the base. A preliminary 
measurement for an npn tetrode is shown in Fig. 

7. The 3 db point for g m is about 600kc, which 
is nearly equal to the hf e cutoff frequency of 
this device. 

Grid Input Impedance 

The input capacitance of the grid to the 
emitter and base lead is about 4. 5pf for the high 
grid voltage devices, 1W1- 1, 1W1-3, 47-SCT1-1 
and 47-2C1-5; and about 22. 5pf for the low grid 
voltage unit, 1NP2. The capacitance is inde- 
pendent of the grid voltage over the entire range 
up to the dielectric breakdown voltage corres- 
ponding to about 2 to 5xl()6 volts/cm. 

The leakage or the input resistance has not 
been measured successfully with commerical 
electrometers indicating a value greater than 
10*4 ohms. An alternative approach is made by 
measuring the RC discharge time of the input 
capacitance using the collector current as an 
indicator of the grid voltage under constant base 
current drive and common emitter connection. 

The decay time constant thus measured is from 
one to three hours giving a leakage resistance 
of greater than 10l§ ohms for the 1W1-3 unit. 

The variation of the experimental results of the 
decay time constant appear to be associated 
with the humidity of the room ambient and the 
leakage in the lead through the glass of the tran- 
sistor package. 

Base Input Noise 

The input noise voltage is measured as a 
function of frequency with the grid voltage as a 
parameter. In Fig. 8, the noise voltage re- 
ferred to the input is plotted as a function of 
frequency. At large positive grid voltage, the 
current gain is decreased but is sufficient so 
that the noise from the amplifier is still unim- 
portant. The data in Fig. 8 shows that the 1/f 
noise is increased as much as 30db at low fre- 
quencies by the grid voltage and the cross-over 
frequency to shot noise, f co , is increased from 
700cps to 30kc when the grid voltage is increased 
from 0 to 10 volts. The tetrode unit shown in 
Fig. 8 is similar to the unit 1NP2 shown in Fig. 

4. The result of the base input noise is not sur- 
prising since it is well known that in semicon- 
ductor devices the 1/f noise is closely associated 
with the formation of surface channels. 3 The 
grid input noise at present is not directly meas- 
ured although it can be estimated from the base 
input noise. 



Physical Theory 

The design theory and the basic mechan- 
isms which control the electrical characteris- 
tics of the surf ace -potential controlled transis- 
tors and diodes may be best analyzed using the 
physical circuit of the device shown in Fig* 9 
(a). An enlarged view of the region where the 
emitter-base junction intercepts the surface is 
shown and the junction transition regions are 
shaded in Fig. 9(a). These transition regions 
are defined in the sense that negligible voltage 
drop occurs out side these regions, i. e. about 
kT/q or less. 5 The shape of the shaded tran- 
sition region near the surface corresponds to a 
positive voltage applied to the grid electrode 
relative to the base electrode, thereby inducing 
an n-type surface channel on the base side. 

This situation corresponds closely to that in the 
npn tetrodes shown in Figs. 2, 3, 4 and 6 at 
fairly large positive grid voltage. The potential 
energy diagram showing an equi- potential sur- 
face for electrons is given in Fig. 10. 

The equivalent circuit of the tetrode may be 
derived from Fig. 9(a) and is given in Fig. 9(b). 
The effect of the grid induced emitter-base sur- 
face channel may be conveniently included as a 
surface diode, SD, connected to the external 
base and emitter leads of a real silicon transis- 
tor which has no surface leakage in the emitter- 
base junction. Thus, the characteristics for a 
typical tetrode may be discussed in two parts 
with little interaction between the two except 
through the two external lead connections. 

The Transistor Characteristics 

In addition to the usual diffusion currents, 
the ideal transistor shown in Fig. 9(b) includes 
also the recombination and generation currents 
in the transition region of the junctions. 6 Thus, 
the usual transistor equations in the grounded 
base connection are (PNP): 
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for unit emitter and collector area. 


The widths Wg, Wq, and We are the widths of 
the base, collector and emitter layers respec- 
tively, while Wc;t an< * Wj^t are the widths of 
the collector and emitter transition regions. The 
n's are the minority carrier concentrations and 
the t* s are the minority carrier lifetime in the 
emitter, collector and base layers, while nj is 
the intrinsic carrier concentration. The L's are 
the min ority carrier diffusion lengths given by 
L =7D^;,and^Tp 0 and T no are the minority carrier 
lifetimes injheavily doped n-type and p-type 
specifxperv^xespectively. The quantity f(b)/a is 
given in reference 4 and m ay be approximated 
by 2/(7T po /T no + /T no /T ) for V EB > 4kT/q 
if the energy level of the recombination center 
is located nearly at the intrinsic Fermi level 
and if x po = r no . 

The a. c. equations may be obtained from 
(1) and (2) in the usual way of expanding the 
currents and voltages in the form of A=Aq + A\ 
exp(jcot) and assuming Aq>>Ai* 

The Emitter-Base Surface Diode Characteristics 

The theoretical analysis of the surface diode 
characteristics is extremely complicated since 
it involves the solution of three nonlinear simul- 
taneous partial differential equations5»6 in a two 
dimensional geometry. The problem is further 
complicated by the discontinuity of the crystal 
lattice at the Si-SiO^ interface which may result 
in high concentration of surface states that are 
continuously distributed in the energy gap. 
Preferential precipation of impurities, such as 
gold or other metals at the interface might occur 
due to the high electric field near the surface. 
These impurities may provide additional recom- 
bination sites at the interface which have surface 
recombination properties different from those 
in the bulk. The derivation of the surface diode 
current- voltage relation is possible only by 
using rather simplified assumptions based on 
plausible physical considerations and experi- 
mental observations. 

The observed cur rent- voltage relation of 
the emitter-base surface diode, SD, shown in 
Fig. 9(b), may be approximated by 

J SD 3 j SD 2 8in h(lV EB /mkT) (3) 

where both jg£> and m are functions of the grid- 
base or grid- emitter voltage. The factor m nay 
vary from 1 to as high as 10 or more depending 
on the width and doping of the surface channel, 
and it also varies with the emitter-base voltage. 
The usually observed values of m for the emit- 
ter-base surface diode of the tetrodes such as 
that in Fig. 11 are in the range of 1. 5 to 4, and 
the coefficient jgp has a thermal activation 
energy of from half of the energy gap to one- 
fourth of the energy gap in silicon. 

The experimental data given in Fig. 12 and 
13 where VGE is plotted against I 3 E for two 
oxide thicknesses indicate that the current 


flowing in the surface diodes may result from two 
two distinct mechanisms. Fig. 12 shows that 
1NP2 has only one type of behavior which is 
characterized by the appearance of a maximum 
in the diode current versus the grid voltage 
characteristics. The data of the high grid vol- 
tage tetrode, 1W1-3, shown in Fig. 13 appears 
to have also only one type of behavior which is 
characterized by a monotonically increasing 
current with increasing or decreasing grid vol- 
tage from the minimum current point. The data 
for 2L2-4 given in Fig. 12 clearly shows both 
types of behavior indicating that both components 
of the surface current are present and are super- 
imposed on each other. The fine structures 
near VgE s80v in the characteristics of 1W1-3 
in Fig. 13 suggest that a second component of 
surface current is probably present. 

For mathematical simplicity, ease of dis- 
cussion, and physical understanding, it is con- 
venient to break up the surface into two regions: 
(1) the region corresponding to the projection 
of the emitter- base transition region onto the 
surface; and (2) the channel region outside of the 
emitter-base transition region. In the transi- 
tion region, the quasi- Fermi levels are nearly 
horizontal since most of the current is from 
space charge generation and recombination. In 
the channel region there is considerable voltage 
drop. In the following discussion, it will be 
shown that the surface current component which 
has a maximum versus the grid voltage may be 
accounted for by the recombination current in 
the transition region on the surface; while the 
surface current component which is monoton- 
ically increasing from a minimum value with 
increasing or decreasing grid voltage corre- 
sponds to the recombination current flowing in 
the surface channels which are formed by the 
grid voltage outside of the emitter-base transi- 
tion region. 

Surface Recombination Current 
In The Transition Region 

The diode current due to surface recombin- 
ation in the transition region would be expected 
to go through a maximum when the surface po- 
tential (or the intrinsic Fermi level at the sur- 
face) is moved by the grid voltage to within (1/2) 
^ge^Spo/Sno) from the average value of the 
quasi Fermi levels for electrons and holes 
where Sp Q and S no are the surface recombina- 
tion velocities for holes and electrons on degen- 
erate n- type or p-type surface. The diode cur- 
rent from this region would decrease asymp- 
totically to constant values when the grid voltage 
is either decreased or increased from the value 
of the maximum surface recombination. The 
shapes of the diode current versus grid voltage 
or surface potential characteristics are very 
similar to that of the surface recombination 
velocity observed on uniform surfaces which 
have no junctions. Several, maxima may be 
expected if there are several independent sur- 
face recombination centers. 


The derivation of this result may be devel- 
oped using a simple example: the ideal symmet- 
rical junction with linear potential variation in 
the junction. In Fig. 14, the energy band dia- 
gram at the surface for a symmetrical emitter- 
base surface diode is shown. The surface 
energy band diagram in Fig. 14(b) corresponds 
to the condition of zero grid voltage and forward 
bias of the junction. The diagram in Fig. 14(c) 
includes only the surface potential curves, ug 
(dashed) and the quasi Fermi levels for electrons 
and holes on the surface. However, Fig. 14(c) 
shows the relative position of the surface poten- 
tial, u s under various grid voltages. 

The steady- state recombination rate per 
unit surface area may be obtained from the Hall- 
Shockley- Read statistics. 7 It is given by 

U S=VS po S no sinh{qV BE /2kT) 

x { cosh[ u c -(u +u )/2 
D p n 

+ (l/2)log S /S ] 

' ' B e no po J 

+ exp{-qV BE /2kT) cosh [u g -u t 

+ (l/ZJiogeS^po] > _1 < 4 > 

where S po and S no are the surface recombina- 
tion velocities on degenerate n-type and p-type 
surfaces respectively. Up and u^ are the hole 
and electron quasi Fermi levels, and u g -ut is 
the energy level of recombination centers meas- 
ured from the intrinsic Fermi level. These 
energy levels are normalized to the thermal 
voltage, -kT/q. In Fig. 14 and Eq. (4), it is 
assumed that the change of quasi Fermi levels 
across the transition region is negligible but may 
be appreciable in the channel due to channel 
resistance. The maximum surface recombina- 
tion occurs when the surface potential in (4) is 
such that 

U S * (u p + U n - lo S e S no /S po )/2 (5) 

The position of the maximum surface recombina- 
tion rate is shown in Fig. 14(c) as heavy dots. 

For this example, it is assumed that an accumu- 
lation layer is formed on the p-type surface under 
equilibrium or zero junction and grid voltage. 

The formation of an accumulation layer, for ex- 
ample, might arise due to the work function 
difference between the silicon, oxide and the 
metal of the grid electrode. Thus, the position 
of the maximum recombination rate, Us(max. ), 
coincides with the center of the junction when 
the grid voltage is a positive value labeled 
Vq ss 1 in Fig. 14(c). At zero grid voltage, the 
point of maximum surface recombination is 
slightly to the right of the center of the junction 
or closer to the n- region. As the grid voltage 
is increased from large negative values, the 
maximum surface recombination point moves 
from the n- region into the junction transition 
region and then out of the transition region into 
the p-region. 



The surface potential, ug may be related to 
the grid voltage by an analytical procedure simi- 
lar to that used for the metal- oxide- silicon 
capacitors. ® However, the situation is some- 
what different in the present case since there is 
a large minority carrier concentration near the 
surface which is injected by the forward biased 
junction. The results of the metal- oxide- semi- 
conductor capacitor may be used as a zeroth 
approximation using the carrier concentration 
in the transition region instead of that in the 
bulk to obtain the surface potential from the 
grid voltage. 


The surface current may be approximated 
by assuming a constant recombination rate on 
the surface of the transition layer. The result 

ho m q W ET U S L S <‘> 

where I, is the circumference, Wet is the 
emitter base transition layer width in the bulk, 
and Ug is given by (4) evaluated at the center 
of the junction transition layer. Thus, using (4) 
and (5), (6) has the form given by (3) in which 
jgjQ is a function of the grid- base voltage. Fur- 
thermore, (6) predicts the observed shape of the 
junction current versus grid voltage character- 
istics of device 1NP2 shown in Fig. 12. The 
maximum occurs at a grid voltage correspond- 
ing to the surface potential condition given by(5). 

In the ideal symmetrical junction considered 
here, the shape of the Igj^ versus Vq plot is 
symmetrical with respect to the grid voltage 
corresponding to point of maximum surface 
recombination or maximum current. In the 
real emitter-base surface diodes of the NPN 
surface -potential controlled transistors, the 
surface of the n- emitter is more heavily doped 
than the surface of the p-base. Thus, an un sym- 
metrical junction is usually obtained and the 
recombination rate would be asymmetrical with 
respect to the grid voltage of the maximum sur- 
face recombination current. 


The diffusion current along the surface out- 
side the transition region is similar to that in 
the bulk and is usually small compared with 
the recombination current in the transition 
region on the surface if a surface channel or an 
inversion layer is not formed. 6 The situation is 
more complicated if the width of the grid is com- 
parable with the diffusion length. 

In the case where the surface diffusion 
length is very long compared with the width of 
the grid electrode, the electron Fermi level u n 
shown in Fig. 14(c) would be quite horizontal 
in the p- region under the grid, and the entire 
surface area under the grid electrode in the p- 
region would be important for carrier recom- 
bination, for positive grid voltage. An approx- 
imate result may be obtained by assuming no 
voltage drop along the surface under the grid 
electrode in the p- region. The expression for 
current is in the same form as that given by (6) 
if WET> the width of the emitter-base transition 


layer, is replaced by the half width of the grid 
electrode, Wq/ 2, and the recombination rate 
Ug is evaluated at the center of the region under 
the grid electrode on the p-side. A similar con- 
sideration applies to the n- region when the grid 
voltage is negative. 

Channel Current 


As the grid voltage is increased to certain 
value, such as that corresponding to vq = 3, 
shown in Fig. 14(c), the surface potential is 
pulled down and coincides with the Fermi level 
of holes on the surface of the p-region outside 
the junction transition region under the metal 
grid electrode. The surface under the grid in 
the p-region now becomes intrinsic. Further 
increase of the grid voltage results in the forma- 
tion of an inversion layer although not a channel 
on the p- surface, since the energy band is also 
lower in the n- region. 

The appearance of a channel on one side of 
the junction under the grid where the band is 
flat or lower with respect to the other side of 
junction near the surface, such as that shown in 
Fig. 10, may occur in asymmetrical junctions. 
The requirement for channel formation is that 
the grid voltage can change the surface potential 
or bend the energy band perpendicular to the 
surface effectively only on one side of the junc- 
tion and not on the other side. A channel will 
be formed on the side where the surface poten- 
tial can be changed more readily by the grid 
voltage. The readiness of bending the band may 
be controlled by the thickness of the oxide, the 
impurity concentration at the surface and the 
surface states densities. In the case where a 
channel can be formed, it can occur at a grid 
voltage either before, at the same time or after 
the onset of surface inversion. For example, let 
us consider the case shown in Fig. 15 in which 
the surface potential on the n-side is locked in 
position and cannot be bent by the grid voltage 
appreciably. Then, as the grid voltage is in- 
creased, the surface potential or the energy 
band on the p-side will be pulled down and become 
flat with respect to the n-side (Vq = 3) before the 
surface potential, ug, coincides with the Fermi 
level for holes, u p (Vq = 4). Thus, a channel 
for electrons is formed on the p- surface before 
the onset of surface inversion, ug =s Up. 

In the practical silicon tetrodes fabricated, 
surface inversion and channel formation appears 
to be more readily achieved on the p-type sur- 
face than on the n-type surface under the oxide. 
This is evidenced by the experimental observa- 
tions that the emitter-base surface diode current 
or the collector current of the tetrode, when plot- 
ted as a function of grid voltage, has almost the 
identical behavior for the NPN and the PNP tet- 
rodes. Some typical data were shown in Fig. 5 
and 6. Since the oxide thickness is fairly uniform 
and probably slightly thicker on the base- side 
than on the emitter side due to the diffusion se- 
quence, the nonuniformity of oxide would prob- 
ably not account for the same behavior of NPN 


and PNP tetrode. The oxides on the emitter- 
base junction for the NPN and the PNP tetrode 
are grown in the same way so that it is unlikely 
that there is high concentration of surface states 
preferentially located on the n- region of the 
silicon- silicon oxide interface. The surface 
state density required to interpret the similarity 
of the transfer characteristics of NPN and PNP 
tetrode would be extremely high, in order that 
channel or surface inversion can barely be 
obtained in the n-type base surface of the PNP 
unit. However, it would still not explain why a 
channel is easily formed on the emitter surface 
of the PNP unit which is presumably doped to 
10 20 to 10 2 * surface concentration. Thus, it 
must be concluded that impurity segregation is 
important so that the n-type impurity is rejected 
by the oxide during thermal oxidation and forms 
a degenerate layer near the surface while the 
p-type impurity, in this case boron, prefers the 
silicon oxide under the thermal oxidation condi- 
tion and thus is depleted at the silicon- silicon 
oxide interface. This conclusion is in agree- 
ment with the thermodynamic calculation of 
Thurmond. 9 

The formation of the channel or surface 
inversion layer in the base region or the emitter 
region may be calculated in a zeroth approxima- 
tion by neglecting the electrons injected into the 
channel or inversion layer by the forward-biased 
emitter-base junction. This assumption is a 
somewhat better approximation here than it was 
applied previously to the surface within the 
transition region in calculating the surface 
recombination current. The results of the 
metal- oxide- semiconductor capacitor analysis 
can again be applied. ® 

The condition for the onset of surface in- 
version, i. e. ug coincides the Fermi level for 
the majority carriers, is plotted in Fig. 16. 

Let us consider a numerical example using unit 
1W1-3 shown in Fig. 13. The oxide thickness 
is approximately L 0 = 0. 6 microns and the sur- 
face concentrations of the impurity in the base 
and the emitter regions are approximately 
l()18/cc and lO^O/cc. From Fig. 16, one may 
obtain an approximate effective width of the 
surface space charge layer width using the sur- 
face concentration instead of the true profile of 
the diffused emitter or base layers. In the base 
region, Fig. 16 gives x s = 0. 02 micron indicat- 
ing the surface inversion layer is very thin and 
concentrated near the surface so that the use of 
the surface concentration instead of the true 
impurity concentration profile is a good approx- 
imation. From Fig. 16, the electric field in 
the oxide at the onset of surface inversion may 
also be obtained. In the base region, E 0 = 10*V/ 
cm and the voltage drop in the oxide is V 0 2 Lo^o 
s 60 volts. The voltage drop in the space charge 
region of the semiconductor is approximately 
0. 4 volts, given by ug-ugo in Fig. 16. Thus, 
the total grid voltage required for surface in- 
version in the p-base is about 60 volts which 
corresponds well with the observed voltage 
where there is a rapid rise of IBE shown in 


Fig. 13. 


A similar calculation can be made to obtain 
the required grid voltage for surface inversion 
in the n- emitter. Fig. 16 does not cover the 
degenerate range, however, a linear extrapola- 
tion on the log-log plot may be used for a rough 
estimate which yields E 0 = 5xl0?v/cm or V Q = 
3000 volts, a value considerably greater than 
the dielectric breakdown of the oxide. 


In order to make a better approximation, it 
is necessary to include the injected carrier by 
the forward biased junction. In the first order 
approximation, one may replace the carrier con- 
centration in the bulk, p Q (or n Q ) by niexp(u p -u B ) 
-n$exp(u 3 -u n ) where u and u n are the quasi 
Fermi potential for holes and electrons and u B 
is the intrinsic Fermi potential in the bulk. 

An exact analysis of the recombination cur- 
rent in the channel or the surface inversion 
layer is quite complicated since the channel or 
the inversion layer is quite thin and highly resis- 
tive. Consequently, there is a considerable 
amount of voltage drop along the length of the 
channel. For example, let us consider the case 
of an inversion layer and a channel formed at 
the same time in the p- region such as that shown 
in Fig. 10. As the surface inversion layer and 
channel are gradually formed by increasing the 
grid voltage, a transition region of high recom- 
bination rate, given by the condition similar to 
(5) if u s is replaced by u , appears next to the 
surface under the grid and becomes rapidly 
effective for minority carrier recombination. 

The recombination rate decreases along the 
channel in the y- direction in Fig. 10 due to the 
voltage drop in the channel. Thus, in calculat- 
ing the total current flowing into the channel due 
to carrier recombination in the channel, it is 
necessary to take into account the voltage drop 
along the channel. 


The mathematical analysis of the channel 
current can be worked out with a procedure very 
similar to that used by McWhorter and Kingston 
10 which was subsequently extended by Culter 
and Bathll to include forward bias on the junc- 
tion for silicon alloyed diodes. These authors 
take into account the voltage drop in the channel. 
However, they neglected to use the appropriate 
recombination rate in the channel, which provides 
the most important voltage dependence of the 
channel current. For example, Culter and Bath 
took the diffusion current outside the channel to 
calculate the total current in the channel for 
silicon diodes. This approximation is valid only 
for channels in germanium diodes, since it is 
well-known that the most important current in 
silicon junctions below or near room tempera- 
ture come from minority carrier recombination 
in the transition region of the junction. 6 Con- 
sequently, the results of Culter and Bath when 
correlated with experimental data in siliconll 


require a channel length which is considerably 
greater than the maximum physical dimension of 
the silicon wafer of the diode. Furthermore, 





their theoretical results cannot account for a 
voltage dependence of jgijexp (qV/mkT) of the 
channel current in which m is greater than 2 and 
jgD has a thermal activation energy less than 
half of the energy gap. The extension of these 
analyses to the case appropriate to silicon 
junctions is fairly obvious if carrier recombina- 
tion in the transition region in the ahannel is 
taken into consideration. The results can then 
account for a value of m as high as 4 and an 
activation energy of jglD as low as 1/4 of the 
energy gap of silicon. 

The calculation of the channel current may 
be formulated with reference to Figs. 10 and 15. 

It is assumed that the surface potential is changed 
by the grid voltage only in the p- region and not 
in the n- region so that a channel will definitely 
be formed with positive grid voltage and an equi- 
potential surface similar to that given by Fig. 10 
is obtained. 


It is also assumed that the quasi Fermi 
level for holes, Up, is flat and that there is 
negligible recombination near the surface of the 
channel so that the total current flow there is 
entirely carried by electron flowing into the 
channel from heavily doped n-type emitter. 

Thus, the hole and the electron currents in the 
channel are’ 1 * 

I p (y) =^D p p(du p /dy) W x Lg = O (7) 

and 

I n (y) =-qD n n(du n /dy) WjLg (8) 

where D n is the diffusion constant of electrons 
in the channel, n is the electron concentration 
in the channel, Wj is the inversion or channel 
width in the x- direction and may be a function 
of y, and Lg is the circumference. The total 
current in the channel at a distance y from the 
emitter-base junction may be obtained (using 
the continuity relation) and is given by 

i = i n (y) (9) 

It is further assumed that the electron concen- 
tration is a constant along the surface of the 
channel. Thus, the change of the electron quasi 
Fermi level, u n , is entirely due to the voltage 
drop in the channel, i. e. 

n c = n. exp(u c -u ) = constant (10A) 

o l on 

or 

dug = du n (10B) 

where Ug is the surface potential normalized to 
the thermal voltage kT/q. The results given by 
(10A) and (10B) based on the assumption of con- 
stant electron concentration on the surface is 
consistent with the relation 


u 

P 


U = V 
n 


(ii) 


where v is the normalized voltage drop along the 
channel. Thus, using (7), (8), (10B) and (11), 
and replacing n by ns in (8), the total current 


flowing in the channel given by (9) may be written 
as 

I(y) ^qDngWjLg (dv/dy) . (12) 

Another relationship between current and 
voltage along the channel may be derived by 
calculating the current flowing out of the channel 
in the x-direction across the surface potential 
barrier (see Fig. 10). This current, J X (V), is 
provided by the electron and hole recombination 
in the region near the surface where the condi- 
tion of maximum recombination rate given by 

u =r (u + u - log S /S )/2 (13) 

' p n ®e no po' ' ' 

holds. This condition is similar to that given 
by (5) for recombination in the transition region 
on the surface. The recombination current, 
J X (V), has the form given in reference_6. With 
the help of the continuity relation, div 1=0, the 
change of the current flow along the channel in 
the y- direction may be set equal to the current 
flowing out of the channel in the x-direction due 
to electron hole recombination. Thus, 

dI(y)/dy = L s J x (v) (14) 

where 

J x (v) =q WjUj (15) 

is the recombination current per unit area in the 
transition region of the surface barrier in the 
channel. The major variation of J x (v) with vol- 
tage v, for positive voltage or forward bias, 
comes from the term sinh(v/2) in the recombina- 
tion rate expression for Ur which is similar in 
form to (4). ° Thus, (15) may be written as 


J x (v) = jgj2sinhv/2 


( 16 ) 


where 



qn. W T f(b)/2o' t t 
^ i I ' " ^ po no 

qn. W,/ (t +t ). 

^ l I ' po no' 


(17) 


Using (16) and (17), (14) may be written as 

dl(y)/dy = [2qn W L /(r + T )] sinhv/2 

i X S P ° no (lg) 

The two equations, (12) and (18) may be com= 
bined to yield 

d "T = —D~(t — T T~7 sinh 7 (19) 

an' nrk 


dy 


s n ' po no' 


if it is assumed that Wj is not a function of y. 
This assumption is valid inside the channel not 
too close to the edge of the emitter-base transi- 
tion region. The solution of (19) may readily be 
obtained if the channel or the inversion layer is 
short compared with the width of the grid elec- 
trode. Under this condition, it may be assumed 
that at y = «>, v(y) = 0, I(y) = 0 and the solution 
for the current flowing into the surface inversion 
layer or channel is 

I SI = 1(0) = 4qW I L s / D V" 8 sirth qV EB (20) 

>/ po no 4kT 



Thus, the above result has again the desired 
form required by the empircal formula given by 
(3). In particular, (20) shows that m may be as 
high as 4 if surface channel or surface inversion 
layer current dominates* It also shows that the 
thermal activation energy of j SD in (3) is that of 
yir in (20) or one fourth the energy gap of silicon. 
It ^further shows that the dependence of the chan- 
nel current on the grid voltage comes from j$D 
or Wj and n g . More accurate solution of (12) 
may be obtained from (19) if finite boundary con- 
ditions are used and the more accurate expres- 
sion for J x ( v ) is used. 

Small Signal Equivalent Circuit 

The equivalent circuit of the tetrode was ob- 
tained in Fig* 9(b) from the physical circuit in 
Fig* 9(a). The most useful small signal equiv- 
alent circuit parameters are the hybrid parame- 
ters in the grounded emitter connection given by 
the following equations 


llh 

+ h 12 V 2 + h 13 V 3 

(21) 

l 21 X l 

+ h 22 V 2 + h 23 V 3 

(22) 

‘31 1 ! 

+ h 32 V 2 + h 33 V 3 

(23) 


The nume rials refer to the electrodes shown in 
Fig. 9(b): 1 = Base, 2 = Collector, 3 = Grid. 
Thus, h 21 = hj e , h22 = h oa I 123 = g m » h 12 3 H-12- 
etc. The hybrid circuit representation is pre- 
ferred since it reduces to the usual transistor 
representation if the base lead is used as input 
and grid is either d. c. biased or modulated. If 
the base lead is r. f. open circuited and the grid 
is the input, then the hybrid equations reduce to 
those similar to the vacuum tube pentode and 
thus facilitates the comparison with vacuum 
pentodes. 

The derivation of these h parameters from 
the equivalent circuit shown in Fig. 9(b) is 
straight forward with the help of (1) and (2) for 
the ideal transistor and (3) for the surface diode. 
The algebra involved is tedious and only two 
important parameters will be discussed in the 
open base operation. These are the transcon- 
ductance, hz3 = g m » and the output admittance, 
h 22 =boe* The complete expression, neglecting 
the base resistance r^ and assuming open base, 
i. e. , It (Base) = 0, are: / it . t | 

r / I c col 1 

g m = h 23 = h llt j" C ge + g S dJ j D « T " 

x t| I c - I eol _ & _ " j “ C c ] 

Y c = h 22 “ j" c c + h ll<j“ C c + g c ) 
-ihc-U-A- ‘ jwC c ] 


(24) 

(25) 


where 

*;! 

r + 

= [g c + J~1 

Ic ° 8 ct^ + h r 1 1 1 

D a T “SD fe 1 c 

1 

»— 1 
o 

o 

X 

ET + j“< C c 

* c « + V 1 

(26) 

h' 1 

1 ■ a T V N 

Oet + •’sd) 

—127) 

fe 

a T% 

^•nPd^T Pc ‘ X col 

\« 1 / 

and 

d ^SD 



g SD 

^ V GB ’ 




which is the t ran s conductance of the surface 
diode. In this derivation, it is assumed that 
m = 2 in the surface diode characteristics. 


These relations may be simplified for low 
and intermediate frequencies. For practical 
tetrodes, most of the terms in h"Jj given by (26), 
may be neglected except h|^| I c - I co |-^> thus, 


h ll 3 h fe I ‘ : clw * 

The output admittance becomes 

Y c = h 22 3 ( 1 + h fe> j wC c + h fe g c 


(28) 

(29) 


and the t ran s conductance 


g. 


23 


= [j- c g e + 



xh fe< 1 -j‘‘ >C c'^l I c- I col> < 30) 

Usually j p « T = 10 _13 amp, j SE • 

C c = lOpfT Gge'-'lOpf and gsD ( 

mhos. 

Thus, the 3 db frequency of g m given in (30) is 
essentially that of hf e , in agreement with that 
observed in Fig. 7. 


=1 0 ~ * ^amp , 

ftrVN iJio-lO 


r 


* Tyw \ 
•«TW 


The low frequency trans conductance in the 
intermediate collector current range may be 
approximated by 


gr 


b sd 


rc - ‘ooi 


a T^N 

1 


(31) 


Only the first term in hfj given by (27) is re- 
tained in (31). The square root dependence of 
the trans conductance on the collector current is 
observed in tetrodes in the intermediate collec- 
tor current range and a sample of the experi- 
mental data is shown in Fig. 7. 


Concluding Remarks 


Anew semiconductor tetrode, the surface- 
potential controlled transistors, is described in 
this paper. This tetrode employs a field effect 
electrode as the grid to modulate the emitter- 
base surface diode characteristics of the transis 
tor and thereby the hf e characteristics. The 


grid features an extremely high input impedance 
of greater than 10^ ohms, and a small capaci- 
tance of a few picofarads. Transconductance of 
7000 micromhos has been achieved which is fre- 
quency limited by the hf e cutoff. 

The elementary theory of the tetrode transis- 
tor is worked out and the theory of the current- 
voltage characteristics of the emitter-base sur- 
face diode is developed in detail. 

The development of the surface -potential 
transistor adds to the transistors and diodes a 
new family of semiconductor devices which has 
additional control terminals and provides addi- 
tional flexibility and heretofore unobtainable 
electrical performance. 
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